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ABSTRACT 

Scaling parameters Df three f l u i d  amplifier e l emnt s  are investigated 

experirnentally. 

device , and a vortex device. 
experimental data are determined by dimensional analysis. 

of nondimensional parameters i n  considerably reduced by physical reasoning, 

t o  produce r e l a t ive ly  simple correlation schemes. 

differences among the elements, the simplified correlation schemes are remarkably 

similar. 

The elements are  a bis table  dedce,  a boundary layer control 
Appropriate parameters for  presentation of the 

The large number 

Despite the major geomtr ica l  

Experimental d a t a  is presented grouped according t o  the simplified corre- 

l a t i o n  schemes. 

which perIormance varies only ueaklywith Reynolds number, and that there exist 
ranges i n  which the performance parameters a p p a r  only i n  codination, which 

r e s u l t s  in important additional simplification of the experimental comla f ions .  

Ranges i n  which the  simplified correlations are expc ted  t o  break down, and use 

of the  scaling idaas for  other e l e m n t s ,  are discussed. 

The experiments show that there exist ranges of operation in 
I 
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L i s t  of symbols 

speed of sound 

diameter 

out le t  diameter of vortex element 

major diameter of vortex element 

annular width of supply chamber of vortex element 

spacing betveen w a r n  of voritex eiemerrt, (corresponds t o  $1 

length 

characterist ic length i n  planform (usually nozzle width) 

characterist ic length perpendicular t o  planfom 
flow speed 
sound speed Mach number = 

volume flow r a t e  

Reynolds number 

r ad ius  

velocity 

control port width of vortex element (corresponds t o  %) 
See Fig. 11 

size  of roughness element 

dynamic viscosity coefficient 

Mnematic viscosity coefficient = p/p 

density = mass per unit volume 

angular frequency 



v i  

Pressure and Volume Flow Rate Subscripts 

wall attachment side 

s i d e  opposite w a l l  attachment side 

control 

outlet 

SWPW 

tota l  (or stagnation) 

vent 
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INTRODUCTION 

This study amnines 5cme of the scslbig parameters ~i' thee f l - i d .  aqjxfier 

elements. 

device, and a vortex device. 

a l l  f l u i d  amplifiers, is as follows: 

has one or more out le t  holes, one o r  more control  flow holes, and one or 

more auxilial-g holes. 

reservoir pressure from which the supply flow comes, the relat ively la rge  

amount of f l u id  which leaves through an out le t  hole is  determined by a 

re la t ive ly  small amount of f l u i d  entering through a control flow hole. 

The elements are a bistable device, a boundary layer control 

The basic idea i n  a l l  these devices, as  i n  

A supply of f l u i d  enters a box uhich 

For some fixed supply condition, for example, a fixed 

This study i s  concerned primarily with the manner i n  which the  per- 

formance scales; t ha t  is, how the performance v a n e s  with size, f luid,  

and other conditions. It is not concerned with element design. For the  

purpose of determining the  scaling laws we examine experimentally the  

non-dimensional performance of geometrically s i m i l a r  elements, choosing 

designs &jch have previously been developed. 

t i o n  t o  s ingle  f lu id  operation (that i s  the  surrounding atmosphere con- 

sists of t he  same kind offluid as the supply f lu id) ,  and report on urper- 

i m e n t s  i n  a i r  and i n  water. 

We r e s t r i c t  om considera- 

F o r t h e  most par t  we consider suf f ic ien t ly  low 

f l u i d  speeds so t h a t  a i r  can be regarded as incompressible. As is common 

i n  f l u i d  amplifier work, we r e s t r i c t  consideratiod t o  geometries i n  which 

the  intended operatj on is  two-dimensional; consequently similaritg. means 

malntaining s i m i l a r  planforms. 

two-dimensionally, we examine t o  some extent e f fec ts  of varying the 

length perpendicular t o  the representative plane of the planform. 

consider only steady flow. 

Since physical elements do not behave 

W e  
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Even with the res t r ic t ions  imposed, 

Consequen too large for convenient use. 

the number of variables 

ly a major object of t h  

i s  the determination of ranges of operation in which some of the 

IWISiiIlS 

s study 

variables 

are not very important, and the establ ishmat  of ways of compacting the data. 

Hopefully these simplifications can be applied t o  other elemnts. 

Obviously, an important by-product of the attempt t o  es tab l i sh  scaling 

l a w s  is the  ac tua l  performance characterist ics of the par t icular  element8 

investigated. 

In discussing tht scaling laws  f o r  the d i f f e r e n t  elemnts, we proceed 

by  first performing a s t r a igh t fo rward  dimensional analysis, then discuss 

reduction of the nu-r of non-dimensional parameters through various 

physical rssrrmpticms, then examine how the experfmnt al#-data aorrelates  

acco2dinF t o  the simplified schemes, then consider when the simplified 

correlation might brdak down. It w i l l  be clear t h q t  not only the approach 

but also some of the simplified correlation schemes will be applicable t o  

other elements, 

made within the framework of the geometry of the particular elemnts, but 

their extension t o  more general eleraents should be kept i n  mind, and will 

occasionally be pointed out. 

To keep the physical assumptions clear, they w i l l  be 
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B i s t a b l e  Element 

(1) General Description 

T h i s  is  an element i n  which a supply j e t  attaches t o  one of t w o  nearby 

walls. The detrtihd * g e O i n e t e  is shwm 113 FtgurS J.* 

refer t o  s-, cmtrb l ,  vexlt, ar4 ctitlet, in a ra ther  self-defining potation,. 

"he get reapins attached t o  wall No. 1 u n t i l  the control flow rate reaches some 

critical nine. 

known, 

Wilson (Ref 1). 

Tbf? IqtteN IS the f i g u p  

Then it switches t o  w a l l  No, 2, The type of element is  w e l l  

The prt imlar  geometrywe investigate i s  the m e  developed by J, EJ, 

W e  characterize the supply and control pressures by se t t l i ng  chaniber valms 

( i e e e  we use stagnation pressures p and pc 'when. the subscript t means - 

t o t a l  , another word signifying stagnatim conditions). We characterize t b  
St t 

ou t l e t  presstxre by the  static pressure a t  the out le t  leg,tld the vent pressure 

by the pressure of the surrormding atmosphere, Choosing stagnation valws of 

supply and control pressure means that we regard the entrance nozzles a s  

basical ly  part of the design of the e lemnt ,  

out le t  and vent means that we do not want t o  pregudge the nature of a connectim 

choosing s t a t i c  pressures a t  

a t  the exi t .  If we imagine jets exiting into a remrvoir, then the reservoir 

pressure will impose i t s e l f  a s  the s t a t i c  pressure of the exi t ing je t .  

course, if flow enters through the vent, then the atmospheric pressure is  the 

stagnation pressure for the entering vent fluid. We characterize the flow 

through each hole by a volrrme flow rate Q, which i s  a measure of the average 

velocity, We characterize the planform by a length 4 ( in  a3l calculations we 

take t h i s  length t o  be the width of the supply nozzle a t  i t s  ex i t ,  and hence 

the width of the supply j e t ) ,  and the length perpendicular t o  the platform by $. 
Because the planform remains f i x e d  i n  the study of a prticular element, these 

two  lengths are suff ic ient  t o  describe the geometry. 

Of 
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The basic variables are : 

4, L2 ,Pc r P  r P  r P  9 Q s , Q c r Q  , Q + \ I Q 0 I  r P r C r , = I  
1 c2 1 2 1 Qo2 

P I P c  
yl O1 O 2  2t st It 

’ pvl = v2 = pv’ 
Since we immerse the element in  a single atmosphere 

It seems reasonable that pressure difference should be significant rather 

than pressure levels  (except as the pmssure leve l  affects  the density), and 

hence we use the  difference between pressure and vent pressure as the pertinent 

variable, We can eliminate one of the f l a w  r a t e s  by  canservation of mass. 

I 

I 

Since we r e a l l y  are not h t e r e s t e d  in the vent flow, we regard Q + Q as v, v, 
I L 

a single variable and eliminateit by consemt ion  of mass., The reduced set of 

variables is: 

This is a set of 15 variables, U s i n g  mass, length, time as fundamlstal 
I 

dimensions we can form 12 independent non-dimensional parameters. One s e t  is: 
i 

pc -% OPv 6 8  Q Q Q  
?l c2 O1 O2 ’ P’ Q’ vp c2 t 

9 
It Po1 -pv Po* ‘PV 

I I 
S S P, -Pv Ps -Pv Ps -Pv Ps -Pv 

t t t t 



only the last 

Reynolds e e r  fie 

This is a Reynolds 

three parameters need any discussion, First consider the 

based on average velocity and hydraulic d i amte r ;  t h a t  is 

IN" \ 4kJ 

Note t ha t  a l - m t i v e  independent pairs 

the ones used in these calculations, 

Re  and could be formed from 

("st - P + L 2  
The eleventh parameter i s  the pressure coefficient c P 

The important thing to note here i s  the existance af the pressure coefficient 

a s  a parameter, not i t s  arbitrary form. 

form by another, f o r  example u s i n g  the pressure difference between supply and 

outlet ,  

If convenient, we can replace this 

This point of v i e w  i s  useful t o  our later discussions. 

Qs Complethg our dozen is  tb Mach number, - the r a t i o  of flow 
Q W  %%", 

speed t o  sotmd speed 

w i l l  not have to consider this as a variabb, (but we have t o  h e p  it in a d ) .  

Correspondingly we can consider the density t o  be constant, 

a, O u r  experiments are in a range of m.3, so that  we 

It i s  important t o  examine whether the number of parameters can be reduced. 

Reduction can occur because of weak variation with a parameter, because 

parameters appear only i n  cotrhination, or because a sub-group i s  physically 

related,, 

volume f l o w  ra te  through miss conservation. 

whether an important variable 2-as been l e f t  out. 

made evident by the fa i lure  of preformance t o  correlate according t o  the 

As an example of the last idea, r e c a l l  that  we eliminated one 

It i s  a l so  important t o  examine 

In general this w i l l  be 
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assumed variable s . 
( 3 )  Reduction of Parameters - 

The most sweeping reduction is obtained by recognizing tha t  there is a 
raEge of operation, a d  It is probzbly t he  practtcal iaT.ge, in wMch the side 

of the e l e E n t  opposite t o  the attached flow ( the inactive s ide ,  denoted by 
subscripts 2 before) is  essent ia l ly  characterized by negligible flow and by  

vent pressure. This eliminates the four parameters involving po p, Q a . 
2 2 O2 c2 

A t  this stage it i s  convenient t o  think of our& of remaining parameters 
as forming the following mnctional equation: 

2 2  

(3 ) 
(p, -Pv% L2 L2 t Q Po1 ‘PV PC It -pv * QCl 2pQs 

Y S - p S t  ’Pv’ P St -Pv’ Q’ S 
O1 - 

pQs2 ‘4  
We can anticipate elimination of one parameter, the pressure coefficient, by 
imagining that some inter ior  pressure exists, which determines flow rates through 
the several holes. 

as independent orifices. 
ra tes ,  are determined by tbe requirement that the same pressure result from the s 

several flow rates  throuTh the different orifices;  this matching condition serves 
t o  eliminate one parameter. Note that t h i s  i s  a physical oversimplification, 

which map sometimes be invalid. 

observatfon t h a t  the control flow only weakly a f f ec t s  the r a t i o  of output t o  supply 

flow. The reason i s  tha t  relatively S m a l l  control flow rates are required f o r  
the  f u l l  range of operation, up t o  switching; naturally, one designs an e l enmt  such 
t h a t  only srnall controj flow is required. 

This is  somewhat equivalent t o  regarding the several holes 

The value of the inter ior  pressure, and hence the f low 

The f i n a l  reduction s t e m s  from the experiraental 

The reduced functional equation is: 
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Instead of effminating the pressure coefficient, ut3 could have solved fo r  

it, The above argument says tha t  we could have eliminated Qo / Qs. Thus one gets 
1 

*fls 

(L) Exper-ntal Procedure 

Measurements were made on three elements, whose planform is  shown 3n 
pfgure 1. In a l l  elements the nozzle width 5 was 1/32', Heasurelegnts fn 
a i r  were made with transverse lengths L2 of O0025 ", 0.050'; O,XI2", 
(Note that Wilson's measuremnts (Ref. 1) were made on an elemnt Kith 5=1/32 
and 5 = O,Ose)o Heasuremnts in water were made with the element having 

$ = O , s O y .  The test set-up is shown in Figure 2. 

Pressure taps were located in large area sections j u s t  upstream of the 

Pressure supply and .control po&s and just d a m s t r e a m  of the out le t  ports, 

duferences from room pressure were measured in e i ther  mrcury or  water 

manometerso 
factory calibration was spot checked. 

Flow ra tes  were measured on Fisher-Porter m.*mters, whose 

When masurjing 5n water, the trough wqs f i l l e d  w i t h  water t o  the top of the 

element, whfch was sufficient t o  w e l l  submerge the vents. 

height of water a b m  the vent, vent pressure was sti l l  taken t o  be the r o o m  
pressure, 

Because of the small 

Temperatures were recorded of the air or water before it entered the 

T5.m was allowed for temperatures t o  reach a steady state  value elernent, 
before taking performance .data, 

important with water because of the large variation of viscosity with tern- 
perature e 

Temperature measurement i s  par t icular ly  



-9- 

@ Pressure tap 

Ldjustable valwe 

a Flowmeter 
Drain 

FIGmCE 2 TEST SETUP SCHEEilATIC 



( 5 )  Experimental Results 

(a) Flow rate-pressure - r a t i o  curves -- 
m-0 flow rate-pressure r a t i o  curves for the bistable 

Figure 3, fo r  an aspect r a t i o  L 2 4 ,  of 1.6, ( that  is, f o r  
e l emnt  are sham in 
tb elemnt with 

5 = 0,050 ). 
uppermost curve i s  f o r  the Reynolds munber range 6,000 t o  20,000; i n  this range, 
and presumably hisher, the flow rate-pressure r a t i o  relationship appears t o  be 

almost independent of Reynolds number. 

number dependence merely becomes weak with increasing Reynolds number, or it m y  
even indicate an asynototic l i m i t  for i n f i n i t e  Reynolds nunher. 
of v i e w  of designing elements, the dis t inct ion between the reasons f o r  weak dependence 

on Reynolds number i s  not particularly important. 

The lower two curves am shown f o r  f i red  Reynolds number. The 

This indicates e i the r  t h a t  the Reynolds 

From the point 

One notes that zero output f low is  reached before the output pressure be- 

comes equal t o  the supply stagnation pressure. 
flow, a l l  supply flar leaves through the vents, From the point of view of our 
earlier discussion, zero output flaw i s  reached when the i n t e r io r  pressure 
equals the output pressure, 

Remember that a t  zero output 

On notes a l s o  that, a t  least a t  high Reynolds number, the output flow 
becomes larger than the supply flm, as the  output pressure i s  reduced t o  the 

level of the vsnt pressure, 

Some of the e f fec ts  of  the  aspect r a t i o  on the flaw rate-pressure r a t i o  

re la t ions  are shown in figure 4, wfiich gives the high Reynolds number l i m i t  r e su l t s  fo r  
the three aspect r a t i o s  t e s t e d ,  

3.15 measurements were only made i n  air, 
Note t h a t  for t h e  aspect r a t io s  of 0.8 and 

It is  seen that the maximum output pressure (that is, the value obtained 
with no output flow) increases with increasing aspect ra t io ,  

put f low r a t e  (that is, the value obtainedbdth output pressure equal t o  the 
vent pressure) appears t o  have a peak a t  an intermediate a s p c t  r a t i o .  

present the reasons fo r  th i s  are not fullyunderstood, 

"he m a x i m u m  out- 

At 



102 

1.0 

0.8 

0.6 

004 

0 02 

C 

0 , 0, P Water operation 

0 ~ , x Air operation 

Aspct  Ratio = 1.6 

0 Re = 6,000 t o  20,000 

D I Re =h,OOO 

0 Y Re = 2,500 

OUTLET-SUPPIS PRESSURE RATIO ' 0  - 
ps 



0 
_ '  

2 

1. 

1, 

0. 

Q 

0, 

0, 

-12- 

Air Operation 

*o 

ps 
oVL'IET-suPpn PRESSURE RATIO - 

I 
1.0 



Switching occurs when the attachment point reaches the end of the w a l l .  

We 
For a given planform we can obtain a reduced set of parameters detertuhkig 
the attachsnent point by repeating the arguments leading t o  equation (4). 
thus write: 

X H e r e  the dependence on Q i s  strong. Switching occurs when =&tache& 
s L 5 ci reaches some c r i t i c a l  value - . Consequently 

I3 

The switching curves are shown i n  Figure 5. 
These m s  are f o r  Reynolds numbers of 6OOO t o  20,000; as with the flow rate press- 
u r e  r a t i o  curves, i n  this high Reynolds nuniber range the switching characterist ics 

a r e  only weakly dependent on Reynolds number . 
A masure of not -having a f u l l y  vented in?ctive side is Gven by the 

cirves f o r  blocked inactive control port. 

r a t e  t o  switch i s  greatly increased by blocking the opposite control port. 

T h i s  i s  phvsically plausible when one recopizes  tha t  blocking the opposite 
port  is equivalent t o  allowing a pressure increase on tb convex s i d e  of the 
attaching jet. 

rea l ize  i s  tha t  switching data should thus be correlated 3x1 a f o r 7  equivalent 

t o  

It is seen t h a t  control flow 

From the point of v iew of scaling, the impor t a t  thing t o  

Note that the apparent control flow r a t e  required for switching with blocked 
oppUs5te por t  is about l O f  t o  157 lower f o r  water than fo r  a i r  operation. lb? 



Re = 6,000 - 20,000 

0 A I) A i r  operation 

0 Water aperation 

Blscked oppasife cantero3, prt 

- -- - - Open opps i t e  control port 

e o  Aspect ratio = 1.6 
A Aspect ratio = 3.15 

a Aspect ratio = 0.8 

0.2 0.6 o .8 

P 

P 
OUTLETISLrPPLY PFtESSURX RATIO 2 

8 

FIGURE 5 CQBTROL FLBW RATE FOR SWITCHING 
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A i r  Operation 

0 Water Operation 

0.4 o*5 t 

-0 0 

pc 
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FIGURE 6 TYPICAL CONTROL FLOW-CCWl'ROL PRESSURE RELATIONS 



reasons for t h i s  are not clear. 

so t h a t  we do not at  this s t a ~  search for another scaling parameter, but 

rather sugpest the continued use of eqs. (6) or (7). 

The differences, however, amsuf f i c i en t ly  small 

For completeness, note that the switching points were determined as the 

end points of curves of 

these curves a r e  shown i n  Figure ( 6 ) .  

There i s  an interesting effect  of aspect r a t i o  s h m  i n  Figure 5. One 

sees that there i s  an apparent peak i n  the control flow rate required for  

switching a t  an intermediate aspect ratio.  
follows, for both' open and blocked opposite control port: 

Qualitatively t h i s  looks as 

8 
c1 
8, 

( 6 )  Anticipated breakdown - of simple Correlations 

The simple correlations are the result of res t r ic t ion  of ranges of parameter 

variation, 

ipates breakdown of the simple correlations at  suf f ic ien t ly  - low b y n O l d 8  nun- 
ber, and a t  1vhcb numbers near unity. 
small elements with a gaseous f l u i d ,  one i s  forced t o  operate a t  e i tker  low 

Reynolds number o r  high Mach number. 

They may break down when the ranges are exceeded, Thus one antic- 

Unfortunately, i f  one wishes t o  make 
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Boundary Laye r Control Proportional Element 

(1) General Description 

This i s  an element i n  which a supply j e t  attaches t o  a curved w a l l ,  in the 

absence of control f law.  With control flow present, the j e t  separation point 
moves upstream, and so a portion of the supply flow leaves through the out le t  

(labeled 0 above). 
geomtry we investigate i s  the one developed by Po A. h e r  (Ref. 2). We 
characterize the performance by identically the same va r i abbs  as for the bistable 

device. 

The detai led geometry is shown in Figure 7. The particular 

Perf ormnce Parameters 

The basic variables are:  

Pc 9 Pvl Po, Qs, Q,, Qo, Qv, PY Pa a, Ll’ 
t 

As i n  our discussion of t h e  bistable element, we agaln e3iminate one f l o w  rate 
tlrough conservaticm of massyiad measure pressure differences from vent pres- 
sure. Hence our reduced set  of variables is : 

This is a set of U. variables. 

dimensions we can form 8 independent non-dirnensional parameters. 

Again using mass, length, time as fundamental 

One s e t  is: 

All of the parameters i n  equation (9 have previously been discussed. We can 

a lso  immediately write a reduced set of parameters, repeating virtually 
verbatim the bistable element discussion; here, however, the dependence on 
control flow ra te  cannot be neglected, 
equation, analogous t o  equation (h) is: 

Consequently our reduced functional 
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(3)  Experimental Procedure 

element, with nozzle width y b t  T Detai led measi-remnts were mde on 

and t.ransverse length L, 

were made cdlli two smaller elements having i n  principle ident ical  planforms t o  the  

larger element; one had 5 = L2 = 1/16", t h e  other 4 = 1/16", L2 = 1/8*'. 
element planform 
machine accurately, and therefore are not truly geometrically similar i n  plan- 
form t o  the  larger element. They were used primarily for qual i ta t ive reeults. 

(foe, 5 = 11, h addi+;iQnj s e ~  m a ~ l m e ~ e n t s  c 

The 
i s  shown i n  Fig. 7, The smaller elements w e r e  d i f f i cu l t  t o  

The experimental procedure was essent ia l ly  the same a s  far the bistable 

element, previously discussed. 

(4) Experimental Results 

(a) Flow rate-pressure r a t i o  curves 

These curves a re  shown in Figure 8 f o r  an aspect r a t i o  of 1, a Reynolds 
number of 77,500, and a control f l a r a  r a t i o  range of 0 t o  O.&. In contradis- 

t inc t ion  with the bis table  element,the output f l o w  r a t i o  of the proportional 

element is strongly dependent on control flow, and a lso  importantly dependent 

on EZeynolds nmiber. 
fundamental t o  the useful application of the element. 
dependence, without control flow there is an asymptotic attachment angle which 
i s  only weakly dependent on control flow. 
asymptotic angle, and hence the amount of output flow for  a given control flow 
r a t io ,  is  i q o r t a n t l y  dependent on Reynolds number. 

reached a t  Re = 11,000, with  no control flow. 

The strong dependence on control flow is, of course, 

4 s  for the Reynolds number 

However, the deviation from the  

The asymptotic angle i s  

The effect  of varying Reynolds number i s  shown i n  fiigure 9. The figure 

shows ef fec ts  of Reynolds number variation fo r  two control f l o w  rat ios ,  a 
f~ssmall" and a nlarge" one (,007 ,015 ). The strong effect  of Reynolds 

number i s  clear.  
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Air Operation 
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(b) AsDect r a t i o  effects  

For t h i s  element, aspect r a t i o  is  an independent parameter. The reason 

for t h i s  is tha t  the separation angle depends on Reynolds number and aspect 

r a t io .  
Reynolds number l i m i t .  
change i n  aspect r a t i o  requires a change i n  planform. 
cally sLzih- e c a l F n ~  req11tre.s m i n t a i d n g  constant aspect ra t io .  

T'ne receiver i s  located SO as t o  captura thesqarated je t  a t  i t s  high 
Since t h i s  limiting angle varies with aspect ra t io ,  a 

Consequently geometri- 

!c) Hysteresis 

If the receiver pressure i s  decreased, the  receiver flow r a t e  increases 

( a l l  other parameters held fixed). 

the flow r a t e  decreases. As long as the receiver pressure r a t i o  does  not drop 

below some c r i t i c a l  value, the same flow rate-pressure r a t i o  curve is  traced 

out for  both increasing and decreasing receiver pressure. 
receiver pressure i s  allowed t o  drop below some c r i t i c a l  value, then the same 
curve i s  not retraced on increasing pressure; instead, one observes a hysteresis 

loop. 

sure i n  the control f l o w  chamber. 
un-attached, and there i s  maximum flow r a t e  r a t i o  i n t o  the receiver. 

smaller control flow rates ,  the hysteresis loop is  smaller. 

If the receiver pressure i s  then increased, 

However, if  the 

FigxrelOshows a typical hysteresis curve, taken w i t h  atmospheric pres- 

A t  t h i s  condition the supply j e t  is essent ia l ly  
Far 

(d) ;$all roughness 

No quantitative measurements w e r e  made t o  evaluate the effect  of w a l l  

roughness. 
of w a l l  roughness must decrease as element s ize  decreases. 

ious res t r ic t ion  t o  the use of simplified scaling information when making minia- 

ture elements. In  the s p i r i t  of our ear l ie r  discussion, there i s  another para- 

mter t o  be considered, e/L,where e is  a characterist ic roughness s ize .  

If geometric s imilar i ty  is t o  be maintained, the  absolute magnitude 
This can be a ser- 

It i s  interesting t o  note tha t  the effect  of roughness and of Mach nunber 

can enter together, a s  quali tative tests on a miniature boundary layer separa- 

t i on  device dramatically showed. 

number near uni ty  can be much m o r e  drast ic  than a t  l o w  l'hch number, especially 

if a t  the higher Mach nunher the roughness element s i z e  i s  a larger f ract ion 
of the channel s ize  than it  is a t  low Mach number. 

The effect  of a roughness'element a t  Mach 

W e  made an element with 
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nozzle w i d t h  of 1/16", geometrically similar t o  the "l/4" nozzle width element. 
To operate t h i s  small element a t  Iie = 30,000, it was necessary t o  operate a t  
14 = 0.8 instead of M = 0eh for t h e  boundary layer element. 

performance of the small elentent became essentially identical  with tha t  of the 
large element o n l y  af te r  the small element was carefully hand sanded, presum- 
ably so  tha t  it became re la t ive ly  as smooth a s  the larger element. To date 

w e  have not separated the effects of roughness Ki th  and without Mach n&er 
changes. 

High Reynolds number 

(e) Ins tab i l i ty  

As reported by Orner, the f ree  je t  exhibits large oscil lations when the 
This i n s t ab i l i t y  is  an important 

The investigation of t h i s  i n s t ab i l i t y  
out le t  pressure becomes sufficiently high. 

l imitat ion i n  the use of the element. 

i s  the subject of separate research, and is beyond the scape of the present 

scaling investigation. 
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(I) c;elleraI Description 

This is an element in which a basic radial inflow (supply) i s  controlled 

by a tangentially entering control ?Low. 
idealized a s  ‘having spiral streamlims; the presence of side walls means t’nat 
there must also be axial flow, 
radial component of veloci ty  requires that the local  pressure bs higher tbap 

The result ing flow pattern can be 

If the ouiilet pressure is  field f i x r d ,  then thp 

oirt-ut p-essiie -dthin %ha mrtex  cl-mber, Tf i a  k i g k i r  i;rsssiu3?s ~ U A B c ~ a s S ,  

or  emn stop, a supply flow coming from a fixed pressure supply reservoir, 
Again this type of e lemnt  i s  w e l l  knom, 

Figure ll, 
i ze  ths  performance by the same paramters already discussed f o r  the bistable 
and proportional elements, but without a vent, 

The detailed geometry is  shown i n  
It is the one investigated by P, E, Koerper (Ref 3). We character- 

(2) Performance Parameters 

The basic variables are : 

again we eliminate one f l o w  ra te  throuzh conservation of mss, and n m  masure 
pressure differences from outlet pressure, 
iables  is; 

Hence the pertinent set of var- 

This i s  a s e t  of 9 variables; we now form six independent non-dimensional 

parameters : 

Note the Reynolds number here i s  based on a representative amrage radial 

veloci ty  and a corresponding representative circumference; t h a t  i s  : 

p%vg (2m) PQO (2m) = &O 

R8= CL = -  F 
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Where; 

Figure 11 VORTEX AMPLIFIER 



Repeating tho ~ V i o u s  argunonts leads t o  a mduced set of parameters; 
we can w r i t e  the reduced set as a I'unctianai equaiion analogous t o  equations 

(11) and ( 9 ) :  

Note that for this elsmnt, For plotting tb d a t a ,  
S 

Q it i s  a l i t t l e  more conmnient t o  use 'c/Q0 

which was used l o r  the other elements. 

here, ra ther  than o/Qs 8 

In  the s p i r i t  of the scaling study, we should discuss the investigation of 
geomtrical ly  similar devices. 

the effects of geometrical variations. 
special  features, and s ince the performance can be expressed i n  a reduced 

fashion with geanetrical variation, some o f t h e  work including geometrical 

variation i s  a l s o  presented, 

Houever, a reasonable amount of work was  done on 
Since this work brought out important 

For scaling purposes we will reqer to ,an optimized 

element. The optimum element i s  designed for  a &mum ra t io  of Q- (bf 4.) 
8 OTnin 

Measurements were made on variable geometry elemnts, and on elements with 

removable inserts fo r  geomstrical variations. 

mnner previouslgdiscussed f o r  the bistable element, 

tha t  the out le t  w a s  a t  pressur8 of the room, and tha t  there i s  no other vent. 

Measurements were mdo i n  the 

In  thls elenwlt, note 

T x p r i m n t a l  Results 

(a) Flow Rate Pressure Ratio Curves 

Them curves are shown in Figure 1 2 ,  f o r  a Reynolds mmber range of 
9,700 t o  91,000, for  air operation. Curves a re  drawn f o r  two different geometries. 
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Note t h a t  the largta range of Rspolds  number i s  a l i t t l e  deceptive, because it 
is chvtaked pr5rir5.1y 54’ var*:: CCEt131, f lm  r a t e .  A. ma?e se2rchkg t e s t  C I  

the  ro l e  3f Reynolds number a p p w s  i n  t h e  d iode  l i m i t  opra t ion ,  t o  the discussed 

i n  section (a> below, 

Correspondina c x m s  for both a i r  and water operation are shawon i n  Figure (12a) . 
I n  Fir2;uro (Ua) the out le t  f l o w  rate is nondimensionalizml with respect t o  Q, , 
where Qo 

Qo = Q,. 
mde without separately monitoring supply or control f low,  

so t h a t  air ans uater operation can be shown together, and fo r  completeness, 

m 
is  the  outiet iiow rate w i t n  zero control fiow; at, tnis condition, 

The different  non-dimnsionalization is used because these fasts were m 

They are presented 

(c) Hysteresis 

It is observed that under some conditions the flow rate-pressure r a t i o  c m s  
Qxhibit hysteresis. 

with variations of planform, it not present i n  the optimized elemsnt, and does not 

have d i rec t  bearing on scaling. 

hysteret ic  b>k;_avior, and a scaled non-hysterstic element should continue t o  be 

no--hysteret.is, 

can be avoided by making the out le t  and control f lw holes suf f ic ien t ly  large. 

In the  hiqh Reynolds number l imit ,  the hysteresis i s  associated 

A scaled hysteretic element should maintain i t s  

Examples of hmtere t ic  behavior are  sbmm i n  Figure 13. Eysteresis 
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(d) Grouping of Parameters 

Reduction of parameters by grouping of parameters, and also t h e  high Reynolds , 

number l i m i t ,  is s t r ik ingly  shown f o r  t he  performance of t h i s  element w i t h  geometrical 

variations and with no supply flow, i n  what is  called the  diode l ixit .  For this 

element there  is a simple two-dimensional non-viscous l i m i t  i n  which the flow is 

regzrded as the s~perpait,i.on ~f a vort.ex flow md B s5& flow, This rss*uIt- is 

ps+ - Po 

The lef t  hand s ide  can be regarded as a stretched pressure coefficient.  With 

viscous effects,  one expects: 

The data plot ted according t o  equation (15) is shown i n  Figure a. 
reasoning suggests, however, t ha t  t h e  variables i n  Equation (15) should group as 

follows : 

Quali ta t ive 

That is, the  three variables become one. 

(16) is sham i n  Figure 15. 

resu l t ,  P P 1, is approached as the  Reynolds number goes to infinity. 

show the  compacting of t he  several  curves of Figure lh i n t o  one curve, an important 

scaling simplification. 

The data plot ted according t o  equation 

Both Figures l.4 and 15 show tha t  the non-viscous 

Figure 15 
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( e )  Suggested grouping of Paramters with Supply Flar - - - 
Going t o  operation with scpply flow, one expects that the prformance w i l l  

v 
be expressible i n  the same manner as Equation (16) w i t h z  replaced by r . 

xd, R 
"t I 

(17) 

V r/vt shoufa approach as Qc/Q, approaches jnfinity, ard should approach 
Q i n f i n i t y  as Qc/Qs approaches zeroe This means t h a t  f (  c/Qs) should approach 

1 as approaches inf ini ty ,  and should be non-zero (or a t  leas t  not go 
to zero as f a s t  as Q,/Q,) as c / ~ ~  approaches zeroe ~ o t e  that I( C / Q ~  = 1 
m e e t s  both these requirements. Unfortunately our d a t a  is not suff ic ient  t o  

test this compacting, which should tbrefore be regarded as a suggestion. 

Q 
c/Q 

Q Q S 

In  terms of geometrically similar scaling, the suggested compacting can be 
viewed as follows: Equation (12) can be reinterpreted as 

The compacting i s  equivalent t o  writing: 

In  the @ometricaUy similar elemonts, the compacting serves t o  reduce the  number 

of variable by one. 
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Since power 9 (Ap)UL 2 , and s ince c i s  now fixed, t h i s  means power Klk. 
P 

So the  choice of a aesirable  b y n o i d s  number means t h a t  power cmE.-mptI~n 

increases w i t h  decreasing element size. 

h/ L) , 2nd the mass flow r a t e  ac L. 

Note t h a t  the pressure difference 
2 

In order t o  keep perspective, we look f o r  a moment a t  response time, 

despi te  the  f ac t  t h a t  the  study herein is f o r  steady flow. The response t i m e  
+ 

With the r e s t r i c t ions  men- U 
u 

= -  response 
COL is characterized by the  r a t i o  

tioned, - = 
tf low 

f (Re ; H). If a choice of a desireable Reynolds number is U 
OL 

made, then w e  s ee  t h a t  mcc l/Lz. 

desireable Re . no,might be different  f o r  f a s t  response than it is f o r  low 

power. Furthermore, t he  parametric respresentative is too simple as given 

above, but a deeper aiscussion of unsteady effects i s  beyond the  scope of this 

study. A t  t h i s  point it suffices to say that ,  with an optimum Reynolds number 

chosen (and t h i s  can generally be done), s i ze  reductjcn yields  fas te r ,  but  

more power consuraing elements, requj r ing la rger  pressure differences bu t  

handling smller mass flows. Similar qua l i ta t ive  statements can be made about 

other quant i t ies  of in te res t ,  reasoning from the  scal ing laws presented. 

It should be kept i n  mind, however, t h a t  t he  

Work t o  be Done 

Purely with regard t o  scaling, t he  following extensions of thisstudy would 

be useful: 

(1) Hfects of compressibility (Mach number scaling).  

(2)  Performance scal ing of individual elements i n  non-steady operation. 

(3) Performance scal ing of interconnected elements i n  steady operation. 

(4) 

( 5 )  

(6) 

Performance scal ing of interconnected elements i n  non-steady operation. 

Choices of desireable parameters, and scal ing laws with these choices. 

Scaling laws f o r  optimized c i rcu i t s .  
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Quali ta t ive Discussion of Size Changes 

the scal ing laus in a simpler form than i s  indicated by a complete dimensional 

analysis.  

hold for other elements than the ones investigated herein. 

The manner of analysis suggests t h a t  the reduction of parameters should 

It i s  useful now t o  consider t h e  designer's question "so wh2t does - happen 

when I change element size?m To Clarify this questi_on, it is convenient t o  

consider a s ing le  f l u i d ,  a f ixedaspec t ra t io ,  and fixed pressure difference 

xatios ( th i s  s t i l l  allows a pressure coeff ic ient  t o  varg). 

Let us think in  t e r m  of the bistable  cievice, recognizing t h a t  our s t a t e -  

ments a r e  actual ly  more general. 

write equation (4a): 

With the  r e s t r i c t i o n  just mentioned, we re- 

or, fer simplici ty  and generality, 

c = f -  (Re ; M) 
P 

The choice of a desirable  Reynolds number is  not  clear.  I f  t he  c r i t e r i o n  

is ease of c i r c u i t  design, then one wants t o  operate a t  a Reynolds number suf f ien t ly  

high so t h a t  t he  p e r f o m n c e  is Reynolds number independent. If one wants t o  keep 

power consumed t o  a minimm, then one wants t o  operate a t  the  minimum possible 

Reynolds number; t h i s  is t rue  even recognizing t h a t  charac te r i s t ic  skin f r i c t i o n  

coeff ic ients  decrease with increasing Reynolds number, f o r  e i t h e r  laminar or 

turbulent flow (but not, of course, I f o n e  goes from laminar t o  turbulent flow). 

For Reynolds nuniber independence and low power consumption, one chooses as low 

a "sufficiently high" Reynolds n u d e r  as possible, 

Reynolds number, then the  product UL is  fixed (again, with t h e  previous res t r ic t ions) .  

Having chosen a desirable  
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